In this paper an executable generic process model is proposed for combined verbal and non-verbal communication processes and their interaction. The model has been formalised by three-levelled partial temporal models, covering both the material and mental processes and their relations. The generic process model has been designed, implemented and used to simulate different types of interaction between verbal and non-verbal communication processes: a non-verbal communication process that adds and modifies content to a verbal communication process, but also provides a protocol for the (control of the) verbal communication process. With respect to the communication protocol stimulus-response behaviour and deliberate behaviour have been modelled and simulated.
A simple example communication process
All examples in this paper are about a lecture, which is finishing. The chair person, agent A, puts up a slide expressing where to find tea and coffee. A thirsty person in the audience, agent B, interprets this information. However, the communication may be affected by an event in the material world, for example, somebody erroneously standing between the projector and the screen. In the example, agent A has a representation of the world information that pot 2 contains tea, represented at the symbolic object level by the symbolic expression contains(pot2, tea). By upward reflection to the symbolic meta-level it establishes that it has the positive belief that pot 2 contains tea. The agent A reasons at the symbolic meta-level and concludes that this world information should be communicated to agent B. Using knowledge of the meaning that can be associated to certain material configurations, it discovers that if at position p0 in the material world pattern 3 is visible then this world situation represents that pot 2 contains tea (e.g., a written text on a visible place). Moreover, still reasoning at the symbolic meta-level, it finds out that an action 'put slide 3' exists, which has as an effect that pattern 3 is at position p0. Therefore it concludes at the symbolic meta-level that the action 'put slide 3' has to be performed. The action is performed, and the intended effect is realised in the world state at the material level. In the example, the two agents are assumed to have a common ontology on the world including the names of all objects in the world, like pot 2, pattern 3, and the names of the positions.
Agent B performs the observation that pattern 3 is at position p0 (which provides information at the symbolic meta-level, namely the meta-fact that this has been observed), and represents the information acquired at the symbolic object level by at_position(pattern3, p0) (the agent B's world model). Note that agent B cannot observe directly the world information that pot 2 contains tea or that slide 3 is on the projector, but it can observe that pattern 3 is at position p0. Knowing at the symbolic meta-level that to this world situation the interpretation 'pot 2 contains tea' can be associated, it now concludes at the symbolic meta-level that it has been communicated that pot 2 contains tea. This information is then stored by B at the symbolic object level in its representation of the world state. Note that after this process, the representation of the world state at the symbolic object level includes information that was acquired by observation (pattern 3 is at position p0), and also information that was not obtainable by observation, but acquired by the communication process (pot 2 contains tea).
This example communication process can be described by tracing the states and state transitions at the different levels; see Figure 1 . In this figure each cell describes a state, and state transitions are indicated by a line separating the two states in the transition. Time goes from top to bottom. In the figure only the relevant new information elements are represented. The first table gives the state of the external world (first column), and the states of the symbolic object level and meta-level of agent A (second and third column). The second 
Formalisation of the semantic model
In the semantic formalisation a state-based semantics is chosen. Each of the states is formalised by a partial (or three-valued: with truth values true, false and undefined) model (Blamey, 1986; Langholm, 1988) . The signature (the lexicon) for these partial models is partitioned according to the three semantic levels. To define semantics of the whole communication process, partial temporal models are used (Treur, 1994; Engelfriet and Treur, 1995) . Within this approach the semantics of a process is formalised by a set of (alternative) partial temporal models, i.e., sequences of partial models. For an example of such a partial temporal model, see Figure 1 . Within each of the states in such a temporal model the three semantic levels can be distinguished. Representation relations are defined in the sense that symbolic expressions at the object level (such as contains(pot2, tea)) refer to the state of the material level, symbolic expressions at the meta-level (such as belief(contains(pot2, tea), pos)) refer to states of the object level, and the material level configurations (such as pattern 3) refer to object level information (that pot 2 contains tea).
Only the following types of transitions between two subsequent states are allowed in these temporal partial models:
Single level transitions
• world change transition A change in the state of the material level • object reasoning transition A change in the state of the symbolic object level • meta-reasoning transition A change in the state of the symbolic meta-level
Level interaction transitions
• upward reflection transition A change of the meta-level state under influence of the object level state.
• downward reflection transition A change of the object level state under influence of the meta-level state.
• action execution transition A change of the material level state under influence of the meta-level state • observation transition A change of the meta-level state under influence of the material level state A levelled transition is a transition of the overall (three-level) state which is induced by a transition of one of the types distinguished above. The transition types depicted in the first part of the trace are, subsequently:
• meta-reasoning; three times: -deciding that contains(pot2, tea) has to be communicated, -selecting the goal at_position(pattern3, p0) to be achieved, -determining the action put_slide3 to achieve the goal • action execution.
The transition types depicted in the second part of the trace are, respectively, • observation (of at_position(pattern3,p0)), • downward reflection (including at_position(pattern3,p0) in B's world model), • upward reflection (identifying at_position(pattern3,p0) as a belief), • meta-reasoning (interpreting at_position(pattern3,p0) as a communication of the information contains(pot2,tea)), • downward reflection (including contains(pot2,tea) in B's world model), • upward reflection (identifying contains(pot2,tea) as a belief).
The formal definitions are given below. The elements used to describe the states (the ground atoms) are expressed in a language defined by an information type.
Definition 1 (information state)
An information type Σ is a structure of symbols defining a set of ground atoms At(Σ). An information state for an information type Σ is a mapping M : At(Σ) → {0, 1, u} from the set of ground atoms At(Σ) to the set of truth values {0, 1, u}; i.e., a (partial) model . The set of all information states of information type Σ is denoted by IS(Σ). An information state M :
The set of two-valued information states for Σ is denoted by IS 2 (Σ).
An example of a structure that defines an information type is a tuple of (sub-)sorts, constants, functions, and predicates of an order-sorted predicate logic. Each of the three levels has such an information type.
Description of material level and symbolic object level
A world state at the material level can be formally described by a two-valued model (assuming that the world in principle can be described in a deterministic manner) for the following language: A state of the symbolic object level can be formally described by a three-valued model for the same language. The third truth value is used to express that some fact is not represented (e.g., not known to the agent).
Description of symbolic meta-level
The symbolic meta-level can be formally described by three-valued models for the following language: The meta-description used in the above information type transforms all ground atoms specified by information type world description into ground terms of sort INFO ELEMENT. Formalising information states as partial models makes it possible to also model the reasoning behaviour of common inference mechanisms, such as chaining or unit-resolution, in terms of all ground literal conclusions that have been derived up to a certain moment in time: the third truth value unknown is used for information that has not (yet) been derived in the current state.
Definition 2 (transition)
A transition between information states is a pair of partial models; i.e., an element < S, S' > (also denoted by S → S') of IS(Σ) x IS(Σ). A transition relation is a set of these transitions, i.e., a relation on IS(Σ) x IS(Σ).
Behaviour is the result of transitions from one information state to another. If a transition relation is functional then it specifies deterministic behaviour. By applying transitions in succession, sequences of states are constructed. These sequences, also called traces (and interpreted as temporal models), formally describe behaviour.
Definition 3 (trace and temporal model)
A trace or partial temporal model of information type Σ is a sequence of information states
The set of all partial temporal models is denoted by IS(Σ) N , or Traces(Σ).
A set of partial temporal models is a declarative description of the semantics of the behaviour of a process; each temporal model can be seen as one of the alternatives for the behaviour. Next these notions are applied to the three levels distinguished in a communication process.
Definition 4 (levelled information state)
The set of levelled information states of the whole process is defined by:
Levelled transitions and traces adhere to the levelled structure of the states: a levelled transition describes a levelled information state that changes in time. Following the levelled structure, only some types of transitions are allowed. For each of the levels a transition limited to this level (leaving untouched the other levels) is possible: a world change, an object level reasoning step, or a meta-level reasoning step. Two examples of transitions involving interaction between levels are upward reflection (information from the symbolic object level is lifted and incorporated in the symbolic meta-level), downward reflection (information from the symbolic meta-level influences the information at the symbolic object level). Other examples of transitions involving interaction between levels are observation (material level influences symbolic meta-level information), and action execution (symbolic meta-level information influences the material level). The following definition postulates that only these types of transitions are possible.
Definition 5 (levelled transition)
a) The following types of transitions are defined:
• world change transition
• object reasoning transition
• meta-reasoning transition
• upward reflection transition
• downward reflection transition
• action execution transition
• observation transition
A levelled transition is a transition: IS → IS which is based on a transition of one of the types defined in a).
Definition 6 (levelled trace)
a) A levelled trace is a sequence of information states (M t ) t ∈ N in IS. The set of all levelled traces is denoted by IS N , or Traces. b) An element (M t ) t ∈ N ∈ Traces is called coherent if for all time points t the step from M t to M t+1 is defined in accordance with a levelled transition. The set of coherent levelled traces forms a subset CTraces of Traces.
Note that in Figure 1 a coherent levelled trace is depicted. It is possible and sometimes necessary to define more constraints on the transitions. For example: physical laws for the material level, or: if an observation transition leads to meta-level information observation_result(a, pos), then a is true in the current world state, or: if an object reasoning transition adds information to the object level, then this information is in the deductive closure of the object level knowledge (consisting of the object level knowledge base and the information from the current object level information state).
A process model for communication
Within a communication process as described in Section 2 a number of more specific symbolic processes can be distinguished:
Together with the physical processes in the material world that realise action and observation execution, these processes are used as building blocks to compose an executable generic process model of communication. Within the DESIRE approach each of the processes is modelled by a component (the boxes in Figure 2 ). The interaction is modelled by information links (the arrows in Figure 2 ). Agent B is identical in composition to agent A. The component observation generation determines the observations the agent initiates. In the example, agent B is initiating observation of the projection screen and agent A, and agent A observes agent B. The component information interpretation produces the information conveyed in the observation results, using specific interpretation knowledge (which involves, among others, knowledge on material representation of information). The component maintain world information constructs and maintains the agent's world model. The component communication initiation makes the decision to communicate and does some preparation of the communication; it uses knowledge about when to communicate information, and the selection of goals in relation to the material representation of information. The component action generation produces the actions to be performed, using knowledge of the effect of actions.
The component external world takes the observations and the actions initiated by the agents and produces the observation results for the agents. It maintains the state of the world and takes care of the changes to the world state.
The reasoning of the agent is specified using a number of generic rules; for example, in the component information interpretation the following knowledge is used: This rule describes a meta-reasoning transition; it determines the content information that is communicated. It realises the state change depicted in Figure 1 , from the 4 th to the 5 th row in the table depicting agent B's process. The other knowledge bases are specified in a similar way. In the model all components and information links in agents A and B process information when the input information changes, possibly in parallel. Related. Agent A communicates verbally to B that tea can be found in pot 2. During the communication Agent A points to position p3. Agent B observes the direction that agent A is pointing in and concludes that agent A is telling it that tea can be found in pot 2 that can be found at position p3.
Combining verbal and non-verbal communication

Types of interaction between verbal and non-verbal communication
Modified interpretation
Agent A communicates verbally to B that fresh tea can be found in pot 2. However, agent A makes a face that indicates she is disgusted at the moment the verbal communication process takes place. Agent B combines this non-verbal communication with the verbal one and, therefore, interprets the communication as follows: tea can be found in pot 2, but it is definitely not fresh. Modification of the interpretation of the verbal communication appeared to be necessary, based on the non-verbal part of the communication.
B. Interaction of non-verbal communication with the process of verbal communication :
Agent A initiates the communication process by walking to position p1. She notices that agent B is looking at her and she starts her communication to agent B that tea can be found in pot 2, by putting the correct slide (slide 3) on the projector. However, after performing this action agent A observes that agent B is looking in another direction; in reaction (either by reflex or consciously) she breaks off the communication process by removing the slide, and (to get attention) starts tapping the microphone. Agent B observes the noise of the microphone and (either by reflex or consciously) reacts by looking at agent A with interest. Agent A waits until she observes that agent B is looking interested, and then resumes the verbal communication process by putting the slide on the projector again. In such a case the information transferred by verbal communication is not affected by the non-verbal communication, but (the control of) the process of communication is.
An example communication process in which a combination of types of interaction occurs is the following:
Example 1 The complete tea story 1. Agent A wants to communicate to agent B that non-fresh tea can be found in pot 2 that is located at position p3. 2. Agent A figures out how to perform the communication. She does not have a (verbal) slide that reflects all that she wants to communicate; she only has a slide that says that fresh tea can be found in pot 2. The rest of the communication will, therefore, have to be non-verbal. She finds the following solution: she will put the slide on the projector, point at position p3 and pull a disgusted face at the same time. 3. Agent A attracts the attention of her audience (agent B) by going to position p1. 4. Agent B observes this movement and responds by looking interested. 5. Agent A observes that agent B is looking interested and performs the prepared actions. 6. However, in the mean time, agent B's attention is distracted by a noise from outside. As a reaction to the noise from outside agent B looks away from agent A and stops looking interested. 7. Agent A notices that agent B no longer is looking in her direction. Therefore, she removes the slide, stops pointing, and reverts her face to a neutral expression. Furthermore, in order to attract agent B's attention again, she taps the microphone. 8. Agent B observes the noise inside the room and towards the front of the room (i.e., in the direction of agent A) and looks interested. 9. Agent A waits until agent B looks interested again, and then communicates verbally to agent B that fresh tea can be found in pot 2 (she puts slide 3 on the projector). Agent A makes a face that indicates she is disgusted at the moment the verbal communication takes place. At the same time Agent A points to position p3. 10. Agent B observes: a) the pattern on projection screen that is caused by the slide b) that agent A is pointing towards position p3 c) that agent A has a disgusted face 11. and Agent B concludes: a) tea can be found in pot 2: the interpretation of this part of the verbal communication of the pattern caused by the slide is not affected by any of the non-verbal communication of agent A. b) the tea can be found at position p3: this additional information comes from interpreting the pointing gesture of agent A. c) the tea is definitely not fresh: this interpretation is based on modification of the contents of the verbal communication (fresh tea) because of the non-verbal communication (disgusted face of agent A) and the knowledge that tea has a taste. 12. At the same time agent A looks questioningly towards agent B. 13. Agent B observes the questioning face of agent A and puts his thumb up. 14. Agent A observes that agent B's thumb is up and walks away from position p1.
Modelling a communication protocol: by stimulus-response or by deliberate behaviour
The next question is how much interpretation is needed to decide upon some action. The above example allows for three possible models:
1. Agent A observes that agent B is looking away and directly taps the microphone (a form a direct stimulus-response behaviour, also called behaviour by reflex). 2. Agent A observes that agent B is looking away, interprets this information as a belief of the form 'Agent B is not paying attention', and on the basis of this belief decides to tap the microphone 3. As in 2. Agent A generates the belief that Agent B is not paying attention, and realises that she needs to attract his attention (as a goal), and decides to tap the microphone (as an action to realise the goal. This is a form of goal directed behaviour based on conscious interpretations. The generic process model described in Section 3 has been used to design and implement specific models for each of these three cases. An integral part of the communication process is the interpretation of the content information, which is assumed to be a conscious process. The knowledge to interpret information is the same for both agents and is used within the component information interpretation.
Agent A always has the following knowledge at its symbolic meta-level:
has_verbal_material_representation(contains(pot2, tea), pos, at_position(pattern_3, p0), pos) has_verbal_material_representation(has_property(tea, fresh), pos, at_position(pattern_3, p0), pos) concerns_taste(has_property(tea, fresh)) has_non_verbal_material_representation(tastes_good, neg, has_property(agent_A, disgusted_face), pos) has_non_verbal_material_representation(at_position(pot2, p3), pos, has_property(agent_A, points_to (p3) 
Implementation
A demo has been developed which allows the user to view the process step-by-step. They can also take matters into their own hand and select the types of behavior for each agent, or even select specific actions by hand, taking the role of one or both agents. In Figure 3 example screen shots from the interactive demo are shown. 
Discussion
In the area of agents, communication processes play an important role. In this paper a semantic model has been proposed for combined verbal and non-verbal communication processes and their interaction. The semantic model distinguishes three semantic or representation levels; it has been formalised on the basis of three-levelled partial temporal models (Treur, 1994; Engelfriet and Treur, 1995) . These partial temporal models formalise both the material and mental processes and their relations. The relations between the levels can be defined as (partly circular) representation relations, as in ( Jonker and Treur, 1997) . Moreover, using the compositional development method DESIRE (Brazier, Dunin-Keplicz, Jennings, and Treur, 1997) , an executable generic process model has been designed that can be used to simulate different types of combinations of verbal and non-verbal communication processes. In an example it has been shown
